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ABSTRACT 

We present yields from stars of mass in the range Mq ^ M ^ 8Mq of metallicities 
Z — ?>x 10~^ and Z = 8 x 10^'^, thus encompassing the chemistry of low- and high-Z 
Globular Clusters. The yields are based on full evolutionary computations, following 
the evolution of the stars from the pre-Main Sequence through the Asymptotic Giant 
Branch phase, until the external envelope is lost. 

Independently of metallicity, stars with M < 3Mq are dominated by Third 
Dredge-Up, thus ejecting into their surroundings gas enriched in carbon and nitrogen. 
Conversely, Hot Bottom Burning is the main responsible for the modification of the 
surface chemistry of more massive stars, whose mass exceeds 3 A/0: their gas shows 
traces of proton-capture nucleosynthesis. 

The extent of Hot Bottom Burning turns out to be strongly dependent on metal- 
licity. Models with Z = 8x 10^^ achieve a modest depletion of oxygen, barely reaching 
—0.3 dex, and do not activate the Mg-Al chain. Low-Z models with Z — 3 x 10~^ 
achieve a strong nucleosynthesis at the bottom of the envelope, with a strong destruc- 
tion of the surface oxygen and magnesium; the most extreme chemistry is reached for 
models of mass ~ 6Mq, where (5[0/Fe]~ —1.2 and (5[Mg/Fe]'^ —0.6. Sodium is found 
to be produced in modest quantities at these low Z's, because the initial increase due 
to the combined effect of the second dredge-up and of ^^Ne burning is compensated 
by the later destruction via proton capture. A great increase by a factor 10 in the 
aluminium content of the envelope is also expected. These results can be used to un- 
derstand the role played by intermediate mass stars in the self-enrichment scenario 
of globular clusters: the results from spectroscopic investigations of stars belonging to 
the second generation of clusters with different metallicity will be used as an indirect 
test of the reliability of the present yields. 

The treatment of mass loss and convection are confirmed as the main uncertainties 
affecting the results obtained in the context of the modeling of the thermal pulses 
phase. An indirect proof of this comes from the comparison with other investigations 
in the literature, based on a different prescription for the efficiency of convection in 
transporting energy and using a different recipe to determine the mass loss rate. 
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1 INTRODUCTION 

Stars with mass below 6Mq, shortly after the end of core 
helium burning, develop a degenerate core of Carbon and 
Oxygen, and evolve supported by two nuclear regions, where 
CNO and 3a burning occur. Due to the narrow dimensions 
of t he He-burning layer, 3a burning i s not thermally sta- 
ble (|Schwarzschild fc Harm|[l965l . Il967l ) , and occurs period- 
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ically, in violent episodes known as thermal pulses (here- 
inafter TP); for most of the time C NO burnin g is the 
only energy channel active in the star (Ilbenlll975l ). In the 
Hertzprung-Russell diagram, the evolutionary tracks, after 
the excursion to the blue during the core He-burning phase, 
turn again to the red; this evolutionary phase is commonly 
known as Asymptotic Giant Branch (AGB). 

More massive objects, with mass 6Mq < M < 8M(^ 

^ These limits in mass partly depend on the assumption concern- 
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undergo a similar evolution, with the difference that their 
internal temperatures are sufficiently high to trigger carbon 
igni tion in a partially de g enera te region, near the stellar cen- 
ter (jRitossa et al.lll996l . Il999l ). In these stars the inwards 
propagation of a convective flame favors the formation of 
a core made up of oxygen and neon. Like their lower mass 
counterparts, they also undergo a series of thermal pulses, 
and ev olve in the Super Asym ptotic Giant Branch (SAGB) 
phase (|Siessll2006l , |2007| . I2OI0I ') . 

The fate of AGE stars is to eventually loose their en- 
velope, and evolve to the White Dwarf stage. The final 
stages of the evolutionary history of SAGBs is more un- 
certain. If the mass loss rate is low, their core grows in 
mass until exceeding the Chandrasekhar limit, thus favor- 
ing the conditions for core-collapse supernova, via electron 
capture. Alternatively, they evolve as ONe white dwarfs 
l|Poelarends et al.ll200^ . 

The AGB evolution is rather short compared to the 
previous phases of core burning, but it proves extremely 
important because it is during this phase that most of the 
mass is lost from the star. Understanding the evolution of 
the surface chemistry of these stars is crucial for a number of 
topics, suc h as the role played by AGBs and SAGBs as dus t 
producers l|Gail fc Sedlmavilll999l : iFerrarotti fc Gail"2006V 
that was shown to depend critically on the abundances of 
the various chemical s pecies in the surface layers of the star 
ijVentura et al.ll2012al lbh. 

AGB and the SAGB stars have been invoked to ex- 
plain the observation s of stars in Globular Clusters (GC) 
ijVentura et al.l l200lh . The spectroscopic and photometric 
results gathered in the last decades indicate the presence 
of multiple population s fcarrett a et al.l 20091: Gratton et al.l 
I2OOII : iD'Antona et al.l 2005; Pi otto et al.1 l2007l 'l. and that 
(at least) a new generation of stars formed from the ashes 
of rapidly evolving stars belonging to the original popula- 
tion of the cluster. Massive AGBs and SAGBs appear to 
be the most appealing candidates, in spite of an ongoing 
debate, due to the various uncertainties affecting the ro- 
bustness of the results of AGB modeling. This is the rea- 
son why some research groups argued against the possibility 
that AGB winds could ever re produce the chemical patterns 
observed (jFenner et al.l[20o3 l. whereas other investigations 
showed that on the qualitative side the most massive AGBs 
produce ejecta whose che mistry is in agreement wit h the 



anticorrelations observed (IVentura fc D'Antonal 
The investigations bv lo'Ercole et al.l (|2o6a 



200£ ) 

2010l . l201ll . 



I2OI2I ) set the theoretical framework to describe the forma- 
tion of a second generation of stars in GCs, by gas ejected by 
AGB and SAGB stars, diluted with pristine gas having the 
original chemistry. These studies outlined the importance of 
the role played by SAGBs: these stars evolve rapidly, and 
their winds could give origin to the formation of a He-rich 
stellar component, whose presence is suggested by photo- 
metric investigations of some GCs. 

The yields from SAGBs are therefore crucial for this 
study. The spectroscopic analysis of stars belonging to the 



ing the extent of the extra— mixing region from the external border 
of the convective core during the hydrogen burning phase. In the 
present investigation we consider a modest overshoot; if this was 
neglected, the range of masses involved in the SAGB evolution 
would be 8Mq < M < IOMq 



blue MS of GCs constitute a valuable test of the self- 
enrichment by AGBs mechanism, because their surface 
chemistry should reflect the composition of the yields of 
SAGBs. 

Our previous investigations on this topic were based on 
a single metallicity, Z=0.001, correspo nding to the chemistry 
of GCs wit h intermediate metallicity (|Ventura fc D'Antonal 
|2009| . [ioij). This limitation was caused by lack of SAGB 
models of different metall icity, with the exception of the 
compilation by Sies^ (|2010l ). To allow a more complete anal- 
ysis we present here AGB and SAGB models spanning the 
range of metallicities of GCs, ranging from the chemistry 
typical of low-metallicity GCs, Z — 'i x 10~^, to the more 
metallic clusters, i.e. Z = 8 x 10""^. 

Although we discuss the implications for the self- 
enrichment by AGB & SAGB stars, this investigation is 
focused on the properties of the models, while the analy- 
sis of how these new yields compare with the observations 
of the GCs of the same metallicity is postponed to future 
investigations. 



2 THE MODELS 

The models presented and discussed in this paper were cal- 
culated by means of the ATON code for stellar evolution. A 
detailed descriptio n of the numerica l structure of the code 
can be found in Ventura et al.l (|l998t ). 

The metallicities investigated are Z — S x 10~^ and 
Z — Z X 10""*. The mixture s follow the relative abundances 
of the elements according to lGrevesse fc Sauvall |l998), with 
a-enhancement [a/Fe] = 4-0.2 (for Z = 8 x 10"^) and 
[a/Fe] = -1-0.4 (for Z — ix 10"'*). These choices correspond 
to [Fe/II]= -0.5 and [Fe/II]= -2, typical of high metallic- 
ity GCs, such as NGC 6388, and low-metallicity structures, 
such as NGC 2419. 

Convection was modelled in all cases by means of 
the Full Spectrum of T u rbule nce (FST) model, presented 
by ICanuto fc Mazzitellil (|l99ll ). The impact of this choice 
has been discussed exte nsively in the literature (e.g. 
IVentura fc D'AntonallioOsI ). and will not be repeated here. 

In convectively unstable regions nuclear burning and 
mixing of chemicals were coupl ed by means of a diffusiv e 
approach, using the scheme by ICloutmann fc Eolll (| 19761 ). 
Overshoot of convective eddies into radiatively stable re- 
gions is modelled by assuming an exponential decay of con- 
vective velocities starting from the convective borders; the 
e-folding distance of this behavior is given by ~ C,Hp, where 
C, is the free parameter measuring the extent of the extra- 
mixing. During the two main phases o f core burning we as - 
sumed C, = 0.02, in agreement with iVentura et al.l l|l998l ). 
We further explore the effects of a tiny extra-mixing from 
the convective shell that forms during the ignition of each 
thermal pulse (Pulse Driven Convective Shell, hereianfter 
PDCS) by comparing the results obtained by neglecting any 
extra-mixing during the AGB evolution, with those found 
by assuming C, = 0.001: this assumption was found to en- 
hance the strength of thermal pulses, and to an increase 
in the inwards penetr ation of the e xternal mantle during 
the post-pulse phases (|Herwig II2OOOI ). No overshoot was as- 
sumed from the bottom of the convective envelope during 
the AGB phase. These choices, far from being a true cali- 
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bration of a still largely unknown physical phenomenon, are 
intended to have a rough estimate on how the extent of the 
third dredge-up, and consequently the yields of the elements 
discussed in this investigation, depend on the various factors 
that favor an enhancement of the inwards penetration of 
the convective envelope in the phases following the thermal 
pulse. A much more detailed treatment would be required 
for those phenomena strongly dependent on the details of 
such a penetration, such as the s-process e nrichmen t . 

Mass loss was modelled according to iBlockeJ (|l995l ). 
The free parameter entering this recipe was set to rja — 0.02, 
in agreement with the calibration based on the luminosity 
fu nction of lithium-rich stars in the Magellanic Clouds given 
bv lVentura et all l|2000l ) . The Blocker description is based on 
a steep dependence of M on luminosity, M ~ L*'^, i n agree- 



ment with dynamical models of AGB envelopes bv iBowenI 
l|l988t ). For M stars, with masses M > AMq, evolving at 
large luminosities, the mass loss rates used here are substan- 
tially larger than other treatments in the literature, such as 
the classic recipe by Vassiliadis fc _Wood (1993), or the em- 
pirical relation bv lVan Loon et al ] (|2005l ): this difference will 
result in a smaller number of thermal pulses. For models of 
smaller mass, the comparison betwee n the Blocker formula 
and the treatment for C-star winds bv lWachter et al.l (|2002l l 
is mainly determined by the strong sensitivity to the effec- 
tive temperature (~ T^f/) of this latter. In this mass in- 
terval the mass loss rates used here are smaller, although a 
comparison with other investigations in the literature is not 
trivial, because the effects of the mass loss treatment are 
strongly related to the way convection is modelled, which is 
relevant for the effective temperature of the models. 

Radiative opacities for temperatures above lOOOOK 
were compu ted by the OPAL release, in the version doc- 
umented bv llglesias 8z Rogers I (|2006l l. I n the low tempera- 
ture r egime we use the AESOPUS tool bv lMarigo fc AringeJ 
(|2009l ). that allows to account for changes in the surface 
chemistry determined by TDU and HBB. Though more time 
consuming, this choice is mandatory for a reliable descrip- 
tion of the evolutionary phases during the AGB evolution 
that follow the carbo n enrichment of the external lay ers, as 
discussed in details in I Ventura fc Marigol (|2009l . bOldV The 
conductive opacities were taken from Poteckhin (2006 jj, and 
are added harmonically to the radiative opacities. 

Tables of the equation of state are generated in the (gas) 
pressure-temperature plane, according to the latest release 
of the OPAL EOS (2005), over written in the pressur e ion- 
ization regime by the EOS by ISaumon et al.l (|l995l ). and 
extended to the high-densit y, high-temperature domain ac- 
cording to the treatment bv lStolzmann fc Blockeij l|2000h . 

The relevant cross-sections are taken from the recom- 



mended values in the NACRE compilation ( Angulo et al 
th 

i®0 |Kunz et al 



199£ ). with only the fol lowing excep ti ons: 3 q (|Fvnbo et al 
2OO5I): ^^aa.yV '^ O (lKunzetal.1 |2002| ) 
jFormicola et all \2004 )_ 



, N(p,7)^^0 
^^ Ne(p , 7)^^N a (|Hale et al. I 



|2002|): ^^Na i^?*Ms (i Hale et al. I [2003): ^^'Na.{p,af°'!<(e 
I Hale et al. ||2004| ): 25Mg(p,7)2'^Al (NACRE, upper limits); 



^''Mg(p,7)2^Al (NACRE, upper limits). 

^ See the web page www.iofIc.rssi.ru/astro/conduct/ 
© 2002 RAS, MNRAS 000, [l]-?? 



3 AGB AND SAGB EVOLUTION: PHYSICAL 
ASPECTS 

The evolutions presented in this work have been followed 
from the pre-main sequence throughout the AGB phase, un- 
til the almost complete ejection of the external envelope. The 
evolution of models developing a degenerate core, and expe- 
riencing the helium flash, were stopped at the tip of RGB, 
and resumed with an artificial HB model, having the same 
core mass as the model at the RGB tip. For Z — 3 x 10~^ 
the helium flash was experienced by models with mass be- 
low 2M0, whereas for Z = 8 x 10~^ the threshold mass is 
M < 2.5M0. 

Table 1 summarizes the main physical quantities of 
the models discussed here, and the average chemistry of 
their ejecta. We also repor t the results for Z = 10~^ by 
IVentura fc D'Antonal (|2009l . boill ). and IVentura fc Marigd 
120101) • 

The first seven columns contain information regard- 
ing the physical evolution of the models: initial mass (solar 
units), time after which the AGB phase begins (yr), number 
of thermal pulses experienced, inter-pulse period (yr), core 
masses at the first TP and at the maximum in luminosity 
(solar units), and maximum temperature reached by the bot- 
tom of the convective envelope. Cols. 8-16 give information 
on the average composition of the ejecta, that is the helium 
mass fraction, the lithium content (expressed in the standard 
notation for lithium, i.e. loge{Li) — log{n{Li) /n{H)) + 12), 
and the abundances of the elements mostly investigated in 
the spectroscopic surveys of GC stars, i.e. the CNO ele- 
ments, sodium, magnesium (where we intend the sum of 
the three isotopes), aluminium and silicon. The abundances 
from carbon to silicon are given as [i/Fe]= log{Xi/XFe) — 
\og{Xi/XFe)Q, to allow a more straight comparison with 
the observations. 

The two panels of Fig. [l]show the main physical prop- 
erties of the AGB evolution of the models computed: in the 
left panel we show the highest luminosity reached during the 
AGB phase as a function of the corresponding core mass, 
whereas in the right panel we report the highest tempera- 
ture reached at the bottom of the convective mantle. 

The trend of luminosity with core mass is rather similar 
for the two metallicities, with the exception of the models 
within the SAGB regime: the lower metallicity models reach 
larger luminosities. 

In the right panel of Fig. [T]we see a clear gap in temper- 
ature separating low-mass models, with core masses below 
O.SMq, from their higher mass counterparts. These latter 
experience Hot Bottom Burning (hereinafter HBB), consist- 
ing in the nuclear activity at the bottom of the convec- 
tive envelope when the temperature exceeds 30 — 40MK. 
HBB favours a rapid increase in the luminosity of the 
star (jBlocker fc Schonberneij|l99ll ). and its description de- 
pend s on the details of convection mo delling (jRenzini fc Volil 
Il98ll : iBoothrovd fc Sackmani] Il988l ). The threshold mass 
to achieve HBB is SM© and 3.5M0, respectively, for the 
Z = 3 X 10"* and Z = 8 X 10"^ cases. As will be discussed 
in more details in the following sections, HBB ignition has 
a strong infiuence on the chemical patterns. Models expe- 
riencing HBB evolve at large luminosities, and loose their 
envelope much faster; compared to the lower masses, they 
undergo a limited number of thermal pulses, so that the ef- 
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Figure 1. The maximum luminosity achieved during the AGB evolution (left), and the maximum temperature reached at the bottom 
of the surface convective zone (right) as a function of the core mass, for models with metallicity Z = 3 X 10^* (blue triangles) and 
Z = 8 X 10~^ (red squares). 
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Figure 2. Average content of carbon (left panel), nitrogen (middle), oxygen (right) for AGB and SAGB models of different metallicity, 
and with different treatment of the borders of the convective shell that forms when the thermal pulses occur. Models presented in this 
investigation with metallicity Z = 3 X 10~^ and Z = 8 X 10~^ are indicated, respectively in green (full squares) and red (full dots); the 
same models, where some e xtra— mix i ng wa s assumed from the borders of the PDCS are indicated with open squares and dots. The Blue 
points indicated models by 'Karakai^ (2010!) of metallicity Z = 10~* (full triangles) and Z = 8 X 10~^ (open triangles). Black asterisks 
and open points indicated the results bv ISiessI 120100 with chemistry, respectively, Z = 10~^ and Z = 8 X 10~^. 



fects of TDU in the alteration of t he surface chemistry is 
modest (| Ventura fc D'Antonair2008h . 

Models whose core-mass exceeds I.IM© ignite carbon 
in an off-center, partially degenerate region, and evolve as 
SAGB stars. 

The right panel of Fig. [1] confirms that the strength 
of HBB is extremely sensitive to metallicity. The Tbce vs 
Mcore trend of the two sets of models discussed here differ 
in the HBB domain. While in the Z = 8 x 10"^ models the 
temperature at the bottom of the external mantle hardly 
reaches lOOMK, in all low-Z models undergoing HBB we find 
Tbce > lOOAIK, with a maximum temperature, approaching 
150MK, reached inside the 7.5Mq model. This is going to 



have a great impact on the extent of the nucleosynthesis 
experienced, given the extreme sensitivity to T of the cross- 
section of the various proton capture channels around ~ 
lOOMK. 

As discussed in section [51 the results obtained depend 
on the choices made to model convection and mass loss. 
The treatment of convection is essential in determining the 
strength of HBB: the range of masses experiencing HBB 
would be narrower if a lower-efficiency convection model, 
such as the Mixing Length Theory, would be used. Mass 
loss has no influence in determining whether HBB occurs 
for a given mass or not. However, changing the mass loss 
rate alters the rapidity with which mass loss occurs, hence 
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Table 1. Relevant properties of AGB models 
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the number of TPs experienced. For models experiencing 
HBB, we have seen that the Blocker's recipe used here leads 
to mass loss rates in excess with other treatments in the 
literature: this favours a faster AGB evolution, and the con- 
tamination of the surface chemistry determined by HBB will 
be softer, because there is no time of achieving a very ad- 
vanced nucleosynthesis. In the low-mass regime, for models 
reaching the C-star stage, our recipe for mass loss leads to 
smaller rates: this reflects in a difference in the final core 



mass of the models, which is ~ 0.01 — O.O2M0 larger in the 
present case. 



4 YIELDS FROM AGBS AND SAGBS 

The surface chemistry of AGBs is modified by TDU and 
HBB. The results obtained change dramatically according 
to which of these two mechanisms is dominant, given the 
different chemical patterns produced. TDU determines an 
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M/Mg M/Mg 

Figure 3. The variation of the surface oxygen during the AGB evolution of stars of different mass, and metallicity Z = 3 X 10""' (left 
panel) and Z = 8 X 10~^ (right). The initial abundances of oxygen, in agreement with the choice for the «— enhancement of the two 
mixtures, are [O/Fe]=+0A (Z = 3 X 10"'') and [O/Fe]=+0.2 (Z = 8 X lO"^). The effects of the second dredge -up can be seen in the 
decrease in the oxygen content of the envelope at the beginning of the AGB evolution. The two dotted lines in the left panel indicate 
the results concerning two low-Z models with initial mass 6Mq and 7Mq, calculated with a smaller rate of mass loss. Use of different 
scales was made compulsory by the different extent of both TDU and HBB for the two metallicities. 



increase in the surface carbon, possibly followed by nitro- 
gen synthesis via proton capture during the quiescent phase 
of CNO burning. HBB changes the chemical composition 
according to the equilibrium abundances associated to p- 
capture nucleosynthesis; this is extremely sensitive to the 
temperature at which HBB occurs. A fundamental differ- 
ence between the effects of these two mechanisms is that 
the overall C-l-N-l-O keeps constant as far as HBB domi- 
nates, whereas it increases if repeated TDU episodes occur. 



4.1 CNO 

The surface content of carbon, nitrogen and oxygen is 
touched by both TDU and HBB. In the three panels of 
Fig. [2] we show the average content of C (left), N (middle), 
O (right) in the ejecta of stars with initial mass in the range 
Mq ^ AI ^ 8Mq. To allow a more straight comparison 
with the spectroscopic analysis of stars in Globular Clusters, 
we show in the ordinate, for each elements i, the quantity 
[i/Fe]. For a solar-scaled mixture, a positive [i/Fe] indicates 
a production of the i-th element, whereas a negative value 
means that the element was destroyed. Note that for oxy- 
gen, which is an a-element, the threshold values separating 
the production and destruction regimes are +0.2 and -1-0.4, 
respectively, for Z = 8 x 10^^ and Z — 3 x 10"''. The same 
holds for magnesium and silicon. 

The Z — 8x 10"'' models, indicated with red circles, are 
connected with dashed lines; the results for Z — 3 x 10~^ 
are indicated with squares, connected with solid lines. In 
the low-mass regime, full points indicate the results ob- 
tained by neglecting extra-mixing from the convective shell 
formed during the thermal pulses; models with some extra- 
mixing are indicated with open points. Because this differ- 



ence mainly reflects on the efficiency of the TDU, it has no 
influence in the high-mass domain, where the chemistry is 
mostly determined by HBB. 

[C/Fe] increases with mass in the low-mass domain (see 
left panel of Fig [2]); this holds independently of metallicity, 
and is due to the higher number of thermal pulses experi- 
enced by higher mass models, allowing a greater enrichment 
in the surface carbon. The yields of lower Z models are pre- 
dicted to be much richer in carbon ^ because mixing is more 
efficient in low metallicity models ( Boothrovd fc SackmanrJ 
IT988); also, for a given penetration of the surface convection 
determined by TDU, the percentage increase in the abun- 
dance of a given element is larger the lower is Z. 

Independently of the metallicity, assuming some extra- 
mixing from t he borde r s of t he PDCS, in agreement with 
the results by iHerwig I (|2000l ). favors the inwards penetra- 
tion of the base of the envelope in the post-pulse phase, 
thus leading to a more efficient TDU. The carbon yields are 
consequently enhanced by a factor ~ 10. 

In models experiencing HBB carbon is destroyed dur- 
ing the interpulse phase, which is the reason for the nega- 
tive trend with mass, shown in the left panel of Fig. [21 The 
Z = 3 X 10~^ models, though experiencing a stronger HBB 
(see right panel of Fig.[T]), show a higher carbon content, be- 
cause of the effects of late TDU episodes, that increase the 
surface carbon content in the evolutionary phases preceding 
the White Dwarf cooling, just before the whole envelope is 
lost. 

Nitrogen is not directly touched by TDU, which refur- 
bishes the envelope of carbon and (in minor quantities) of 
oxygen. This is the reason why models with mass below 2- 
2.5M0 show only a modest (if any) enhancement of nitrogen 
(see the middle panel of Fig.[2|. The average nitrogen in the 
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ejecta shows a sharp increase for masses around the thresh- 
old value separating the TDU from the HBB regime: in these 
models, the carbon carried to the surface by TDU is later 
converted into nitrogen during the interpulse phase. 

Low Z models, experiencing a deeper TDU and a 
stronger HBB, are more efficient nitrogen manufacturers. 
N is increased by a factor ~ 300 in the Z = 3x 10~'' models 
experiencing both TDU and HBB, and by a factor ~ 15 in 
Z = 8x 10"^ models. 

Higher mass models, experiencing only HBB, achieve a 
smaller production of nitrogen: in this case the increase is 
only due to the conversion of the carbon and oxygen orig- 
inally present in the gas, with no additional contribution 
from TDU. 

Unlike carbon, the predictions regarding the nitrogen 
content of the ejecta are more robust, and much less sensitive 
to the quantity of extra-mixing assumed from the borders 
of the PDCS. The influence of this latter is limited to the 
models achieving the maximum production of nitrogen, and 
is at most a factor ~ 2 for masses M ~ 2.5 — 3Mq. 

Oxygen is a key-element in the interpretation of the 
physical processes that alter the surface chemical compo- 
sition of AGBs: TDU produces a positive oxygen yield, 
whereas HBB destroys it. The variation of the surface oxy- 
gen in some of the models discussed here is shown in Fig. O 
The choice of the mass of the star (decreasing during the 
evolution) as abscissa allows a better understanding of the 
average chemistry of the yields. 

The solid and dashed lines in the right panel of Fig. [5] 
(indicating, respectively, the metallicities Z = 3 x 10~* and 
Z = 8 X 10~^), trace similar patterns, with the difference 
that the lower-Z line is more stretched both upwards and 
downwards. Models with mass below 3.5 — 4Mq produce 
oxygen-rich ejecta (see Fig. |3]), because TDU prevails over 
HBB. In analogy with carbon, we flnd that in the Z — 3 x 
10~* models the increase in the surface oxygen is larger. This 
can be clearly seen in the difference between the increase 



in [0/Fe] found in the low-mass (M ^ SMq) models of 
Z = 3 X 10~* (left panel of Fig. |3]), and the corresponding 
models of Z — 8 x 10^^ (right panel). 

The oxygen yield becomes negative (i.e. [0/Fe] below 
+0.4 for Z = 3 X 10"^, and +0.2 for Z = 8 x 10"^) for 
M ^ 4Mq , where HBB destroys part of the surface oxygen. 
The effects of HBB can be seen in the decreasing trend of the 
surface oxygen found for M ^ 4:Mq for both metallicities. 

Because there is no way to produce oxygen efficiently 
via p-capture nucleosynthesis, the history of oxygen under 
the effects of HBB is a pure destruction process, that pro- 
ceeds at a higher rate for larger HBB temperatures. This 
motivates the smaller oxygen in the ejecta of lower Z mod- 
els, and also the decreasing trend with mass for M ^ 4Mq 
(see right panel of Fig.[5]|. The comparison among lines cor- 
responding to massive AGBs in the two panels of Fig. [3] 
shows that oxygen is destroyed much more strongly in the 
Z — 3 X 10"'* case (note the different scales of the two pan- 
els). 

The lowest oxygen abundances in the ejecta are found 
for M 6Mq, with [0/Fe]= -0.8 (note that considering 
the initial [0/Fe]= -1-0.4 for this mixture, this corresponds 
to a reduction factor ~ 20). The trend with mass becomes 
increasing in the SAGB regime, despite these models expe- 
rience a stronger HB B (see right panel of Fig. This be- 
haviour, discussed in lVentura &i D'Antonal (|20l2), is due to 
the large mass loss rates experienced by SAGBs, that loose 
their envelope before a great destruction of the surface oxy- 
gen occurs. Both panels of Fig. |3] show that the variation 
of [O/Fe] with mass becomes less steep for M ^ 6Mq, con- 
firming that the mass loss rate of the largest masses is the 
key-factor for the larger oxygen in the ejecta of SAGBs. 

That mass loss is the key-quantity in this context is 
confirmed by the results we obtain by assuming a smaller 
parameter entering the Blocker's recipe, rju = 0.005 (cor- 
responding to 1/4 of the standard value); the correspond- 
ing oxygen abundances in the ejecta, indicated with open 
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squares in Fig. (2] are consequently reduced. The results of 
these simulations are shown as dotted lines in Fig. [S] we see 
that the smaller mass loss favors ejection of oxygen-poor 
gas, because little mass is lost in the early AGB phases, 
when the surface oxygen is still large. 

4.2 The Mg-Al nucleosynthesis 

The surface abundances of magnesium and aluminium are 
altered by the effects of TDU and IfBB. The initial total 
magnesium in the stars is mainly under the form of ^*Mg. 
In the regions touched by He-burning during the thermal 
pulses large amounts of ^^Mg and ^^Mg are produced, via 
a series of a-captures, that start from ^''N, and produce 
magnesium via ^^Ne. 

The effects of HBB on the magnesium abundance are 
more complex, due to the various proton capture reactions 
involving the different isotopes, endin g up with the synt hesis 
of aluminium (Siess fc Arnouldlbo oe': Izza rd et al.ll2007l '). To 
destroy magnesium via HBB, temperatures at the bottom 
of the convective zone of the order of T ~ lO^K are needed: 
this is required to activate efficiently the p-capture by ^*Mg 
nuclei. The outcome of magnesium burning is sensitive to 
the HBB temperature. When the temperature is sufficiently 
large, great quantities of aluminium are produced, with also 
the synthesis of some silicon; conversely, when the tempera- 
ture is only slightly exceeding 10*K, most of the magnesium 
is locked in the ^^Mg is otope, with only a m odest decrease 
in the total magnesium (jVentura et al.ll201ll ). 

Based on the above arguments, we understand that 
TDU and HBB produce opposite effects on the surface mag- 
nesium: while TDU increases the Mg content, HBB favors 
Mg-depletion, provided that the HBB temperatures exceed 
~ 10*K. Because the initial magnesium is much larger (by 
~ a factor 50) than aluminium, even a weak magnesium 
burning is sufficient to increase the surface aluminium. 

Fig. |4]shows the magnesium (left panel) and aluminium 
(right) content of the ejecta of the AGB models presented in 
this investigation. The trend of [Mg/Fe] with mass is similar 
to oxygen. TDU in low-mass models favours an increase in 
the ^^Mg and ^'^Mg produced in the TPDS by the chain of 
a-captures mentioned above. In high-Z models the increase 
in the total magnesium is negligible, given the weaker ef- 
ficiency of the TDU, and the higher initial magnesium in 
the envelope. In the low-metallicity case the increase in the 
surface total magnesium is sensitive to the efficiency of the 
TDU, as confirmed by the difference between the lines con- 
necting open and full squares in the left panel, indicating, 
respectively, the results obtained with and without extra- 
mixing from the borders of the PDCS. 

The increase in magnesium favors a contemporary in- 
crease in the surface aluminium, because part of ^^Mg and 
^^Mg dredged-up to the surface is converted into aluminium 
during the following interpulse phase. 

Models dominated by HBB show a different behavior: 
magnesium is destroyed by a series of proton captures start- 
ing from the reaction ^'*Mg(p,7)^^ Al, t hat eventually l ead to 
the formation of aluminium (see e.g. IVentura et al.l (|201ll ) 
for the details of the Mg-Al nucleosynthesis). The decrease 
in the total magnesium reaches a maximum around ~ 6Mq 
for the Z = 3 X 10"'' models, where the destruction factor 
is ~ 0.6 dex; in the SAGB regime the magnesium yields 
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Figure 5. The variation during the AGB evolution of the surface 
lithium in models of initial mass 5Mq, 6.5M0, and 7.5Mq, with 
metallicity Z = 3 X 10"* (black, solid line), Z = 10"^ (blue, 
dashed), Z = 8 X 10"^ (red, dotted). 



are higher, because mass loss is so fast to prevent great de- 
struction of magnesium before the envelope is lost. Models 
achieving the greatest destruction of magnesium also pro- 
duce great quantities of aluminium, whose abundance is in- 
creased by a factor ~ 20 in comparison with the initial stellar 
content. 



4.3 Lithium 

AGB stars are known to evolve through a phase when 
they are efficient lithium manufacturers. The mechanism by 
which lithium is produ ced in the envelope of th ese stars 
was first suggested by ICameron fc Fowleij (|l97ll ), and is 
activated whenever the temperature at the bottom of the 
convective envelope reaches ~ 40MK. Under these condi- 
tions Q-capture by ^He nuclei begins, with the production 
of beryllium, which decays into lithium; because the time- 
scale for beryllium decay is ~ 60d, part of the lithium is 
produced in the outermost and cooler regions of the enve- 
lope , where it survives to proton fu sion. 

ISackmann fc Boothrovdl l|l992i ) first found that lithium 
could be produced within the context of AGB modeling, 
provided that a diffusive approach is used to couple nuclear 
burning and mixing of chemica ls in regions unstable to con- 
vection. iMazziteUi et al.l l|l999l ) confirmed that lithium pro- 
duction can be activated efficiently when convection is mod- 
elled according to the FST treatment, in all models with 
mass M ^ 3Mq . 

While the lithium-rich phase is crossed by all high- 
mass AGB models, the amount of lithium which they eject 
into the int erstellar medium is highly u ncertain. The recent 
analysis bv lD'Antona fc Ventural l|2009l ) outlines the various 
factors affecting the lithium content of the AGBs ejecta. The 
uncertainty of the results obtained stems from the fact that 
lithium production stops when the surface '^He is consumed: 
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the quantity of lithium expelled is determined by the mass 
lost by the star during the phase whe n it is lithium-rich. 

The recent investigation by I Ventura fc D'Antonal 

(|201Cl l stressed that the lithium yields by SAGBs are even 
more uncertain. When the same slope of the mass loss vs 
luminosity relation used for AGBs is adopted, SAGB mod- 
els are found to produce an extremely lithium-rich gas, be- 
cause most of the mass is lost before '^He is consumed com- 
pletely. However, this latter finding is extremely sensitive 
to the mass loss rate adopted in the early thermal pulses 
experienced, after the formati on of the ONe core. 

The models presented in IVentura fc D'Antonal (j2010l l 
are compared with those in the present investigation in 
Fig. [5l For clarity sake, we only show three models of initial 
mass 5Mq, 6.5Mq, and 7.5Mq. 

Lithium production is achieved by all the masses shown 
in Fig. O for the three metallicities investigated. For the 
models of 5Mq and G.SMq the lithium content expected 
in the ejecta is directly correlated to metallicity: higher Z 
models, for a given mass, experience a softer HBB, thus ^He 
is consumed more slowly, and the duration of the lithium- 
rich phase is longer. 

In the range of mass AMq ^ Af ^ 6Mq (see Table 
1) the average lithium in the ejecta is \og{e{Li)) ~ 2 for 
Z = 3x 10"" and Z = 10"^, increasing to log(e(Li)) ~ 2.5 
for Z = 8 X 10"^ 

Moving from the AGB to the SAGB regime we see that 
the lithium yields increase with mass, as also evident from 
Fig. O this is consistent with the arguments given above. 



4.4 Which implications for the self— enrichment of 
Globular Clusters? 

Massive AGBs and SAGBs have been proposed as one of 
the possible polluters of the interstellar medium in Globular 
Clusters: from the gas ejected by these sources new stars 
would form, with the chemistry of their ejecta. This is the 
reason why it is extremely important to understand which 
are the predicted yields of these stars in terms of the ele- 
ments commonly investigated in the spectroscopic surveys 
of GC stars, i.e. oxygen, sodium, magnesium, aluminium and 
silicon. 

The 0-Na anticorrelation is a common feature of all the 
galactic GCs so far examined, though the extension of the 
observed pattern differs from cluster to cluster. The Mg-Al 
trend is also a rather common feature, although a smaller 
amount of data are available, and in a few clusters the trend 
itself is not completely clear jCarretta et al.l^2009^ . 

The yields of the models presented in this investigation 
are shown in Fig. [S] in the O-Na (left) and Mg-Al plane 
(right). We also show, for co mpleteness, the results corre - 
spondin g to Z = 10~^ from IVentura fc D'Antonal (120091 ') 
and Ve ntura fc D'Antonal (|201ll ). The Q-Na trend traced by 
the models confirm, on qualitativ e groun ds, the main results 
outlined in lVentura fc D'Antonal (|201ll ) (see their Fig. 6): 



Z = 8 X 10"^ to S[0/Fe] 



-0.8 for Z = 10"^, up to 



• The most extreme yields, i.e. those showing the greatest 
depletion of oxygen, are found for the masses at the edge 
between the AGB and the SAGB regimes, i.e. for M~ 6Mq. 
The maximum extent of the oxygen destruction is extremely 
sensitive to metallicity, ranging from 5[0/Fe] ~ —0.3 for 



S[0/Fe] 1.3 for Z = 3 X 10"". 

• Oxygen and sodium are correlated in all cases. In mod- 
els where a strong destruction of oxygen occurs, the bot- 
tom of the surface convective zone is exposed to advanced 
p-capture nucleosynthesis at temperatures T > lOOMK: in 
this range of T's the destruction channel for sodium is dom- 
inant compared to the production reaction by p-capture on 
^■^Ne nuclei, thus the sodium previously accumulated at the 
surface is destroyed. The oxygen yields are negative, because 
HBB destroys oxygen; conversely, sodium can be produced, 
because of the initial increase in the surface sodium deter- 
mined by the second dredge-up and by the '^^Ne burning via 
proton capture. Note that the positive correlation between 
oxygen and sodium is expected independently of all the un- 
certainties affecting the predictions concerning the sodium 
yield (initial neon and sodium abundances, cross-sections of 
the Ne-Na nucleosynthesis), that may eventually shift up- 
wards or downwards the trend defined in Fig. (6] without 
changing the slope. 

These results confirm that if massive AGBs were the 
polluters of the intra cluster medium in GCs, providing the 
gas from which new stellar generations formed, a certain 
amount of dilution of the gas ejected via stellar winds with 
pristine, uncontaminated matter is required, otherwise no 
O-Na anticorrelation can be produced. 

Also, the GCs harboring a stellar generation formed di- 
rectly from the ejecta of massive AGBs, with no dilution 
with pristine gas, must show a correlation of the lowest 
oxygen abundances with metallicity, more metal-poor GCs 
showing the most oxygen-poor population. In these stars we 
do not expect any sodium enhancement. 

Turning to the Mg-Al cycling, we first note from the 
right panel of Fig. [6] that only a modest reduction of the 
surface magnesium is achieved in all cases, whereas some 
aluminium production, limited to -1-0.3 dex, occurs. This 
confirms that magnesium destruction requires temperatures 
exceeding ~ 10*K, only marginally reached by the Z = 8 x 
10"'' models (see right panel of Fig. [l|. 

Both the Z = 10"^ and the Z = 3 x 10"'' models 
produce magnesium-poor matter, the maximum reduction 
factor being, respectively, 5[Mg/Fe]= —0.3 and 5[Mg/Fe] = 
—0.6. Similarly to oxygen, we find that the most extreme 
chemistry is not found for the most massive, SAGB models, 
because in the context of the present modeling these lat- 
ter loose their envelope very rapidly, before a very advanced 
Mg-Al nucleosynthesis may occur. 

The magnesium depletion is accompanied by an in- 
crease in the surface aluminium. The Al content in the ejecta 
reaches a threshold value of [Al/Fe]~ 1.2, independently of 
the metallicity, and of the extent of the magnesium deple- 
tion. This is the effect of the balance reached between the 
production and destruction channels, that eventually leads 
to the formation of some silicon. 

The uncertainties affecting the extent of magnesium de- 
pletion and aluminium enhancement were discussed in de- 
tails by IVentura et ai] l|201lh . The main outcome of this 
investigation is that massive AGBs in the low-Z domain 
reach at the bottom of the surface convection zone temper- 
atures sufficiently large to destroy ^''Mg, thus their ejecta 
are predicted to show large ^'^Mg/^**Mg and ^''Mg/^**Mg iso- 
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Figure 6. Yields of models of di f ferent meta llicities in the O-Na and Mg-Al planes. Green points: Z = 3x 10"*; blue squares: Z = 10~^ 
models by I Ventura fc D'Antonal ||2009| . [201 j ): red triangles: Z = 8 X 10^"^. Numbers close to the points indicate the values of the initial 
mass. The two arrows in the right panel indicate the results from Z = 3 X 10^* models of initial mass 6Mq and 7Mq calculated with a 
smaller rate of mass loss. 



topic ratios. The maximum depletion of the total magne- 
sium was found to be determined by the cross section of the 
■^^Mg(p,7)^®Al reaction in the range of temperatures around 
~ lO^K, an increase by a factor 2 in the reaction rate cor- 
responding to a furth er ^ —0.2 dex in the magnesium de- 
pletion (see Fig. 5 in IVentura et al.) (|201ll ')). Even a larger 
Mg-depletion would scarcely influence the Al-enhancement, 
due to the afore mentioned equilibrium established between 
production and destruction rates, once AI increases by a 
factor ~ 10. 



5 COMPARISON WITH OTHER 

INVESTIGATIONS IN THE LITERATURE 

The recent years have seen a growing interest towards AGB 
modeling. Several research groups have contributed to pro- 
duce an impressive series of models, spanning a wide range 
of mass and metallicities. Some of these investigations were 
focused on the efficiency of mixing in low-mass AGBs, and 
on the tre atment of the borders at the convecti vc/radiativc 
interface (|Cristallo et al.l l2009l : IStancliffe fcTefferv ,2007. '). 
These studies complete the previous investiga t ions on thes e 
evolutionary phases bv i Karakas fc Lattanziol (|2003l . [20o3), 
Weiss fc Ferguson (2009|), and the most recent update by 



Karakad (|2010l ). 



O n the side ofSAGB modeling, the recent works by 

ISiesd (|2006l . |2007| . l2010t ) provided a complete and exhaus- 
tive update of the pioneering explorations focused on the 
ph ysics of carbon ignition in re gime of partial deg e neracy , 
bv iRitossa et al.l (| 19961 . Il999f) . icarcia Berro et al.i l|l997li . 
Ilben et al.l (|l997l '). 



Among the above investigations on the AGB phase, we 
decided to compare our results with those by'Karakas' ("2010") 
(KIO): in this compilation, the yields of models with mass in 
the range Mq ^ M ^ GMq, and metallicities in the range 



0.0001 ^ Z ^ 0.02 are presented and discussed. KIO yields 
are indicated in Fig. [2] and |4] with blue triangles: the open 
points indicate the Z = 8 x 10~^ metallicity (to be compared 
with the red points in our compilation), whereas full points 
refer to Z = 10"* (among the various metallicities treated 
in KIO, this is the closest to the Z — 3x 10~^ case discussed 
here) . 

As for the SAGB phase, the most compl ete investiga - 
tion currently present in the literature is bv ISiesd (I2OI0I ) 
(hereinafter SIO), which treats the same chemistry as KIO, 
with masses in the range 7.5Mq ^ M ^ IOMq, i.e. those un- 
dergoing carbon ignition in conditions of partial degeneracy. 
The corresponding points are indicated as open pentagons 
(Z = 8x 10'^) and asterisks {Z = 10"") in Figs. [2] and H 

For what concerns carbon, for masses SM©, and 
metallicity Z — S x 10"'^, our yields for models calculated 
with some extra-mixing f rom the PDCS are rather similar 
to those bv lKarakaj (|2010l '). The reason for this is in the sim- 
ilarity of the physical properties of the two sets of models in 
this range of mass. A comparison with the models presented 
in Karaka s et al. ( 2 00% ) shows that for any given initial mass 
the core masses at the first TP are very close, whereas the 
minimum core mass at which TDU o ccurs is ^ . 02Mp , 
large r in our case. The investigations bv llzzard et al.l (|2004l ) 
and Mari go fc Girardil ((2007') showed that to reproduce the 
luminosity function of carbon stars in the Large Magellanic 
Cloud, whose metallicity is similar to Z — Sx 10"'^, the core 
masses when th e first TDU occurs m ust be ~ 0.07 — O.IMq 
smaller than in iKarakas etahl (|2002l ). This means that the 
carbon yields found in the low-mass models presented here 
must be considered as lower limits. 

In the low-metallicity case the KIO carbon yields are a 
factor ~ 3 higher than ours; certainly the smaller metallicity 
upon which the computations by KIO are based {Z — 10~'^ 
vs Z = 3 X lO^**) plays a role here, although other factors. 
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Figure 7. The evolution during the AGB phase of luminosity (left) and temperature at the bottom of the envelope (right) of models 
from the present investigation of initial mass 4Mq and 5Mq (black, solid tracks), and models by KIO with initial mass 4.5Mq and 
5.5Mq (red, dashed lines). The initial masses were chosen such that the models have the same core mass at the first thermal pulse. 



such as a different efRciency of TDU, cannot be ruled out 
as possible reasons for this difference. In both compilations 
we see a decrease with mass in the carbon content of the 
ejecta, although in the models presented here the carbon 
yields become negative (i.e. the average carbon content of 
the ejecta is smaller as it was initially), whereas in KIO 
models [C/Fe] hardly reaches 0, rather it remains above 2 
in the low-Z case. This finding outlines the main difference 
between the models presented here and those by KIO, i.e. 
the extent of HBB, much stronger in our case, because of the 
large convective efficiency predicted by the FST treatment; 
KIO models are based on the MLT tre atment with a = 1.75, 
which leads to a much weaker HBB (|Ventura fc D'Antonal 
120051 ). 

Fig.[7]compares the evolution of our models with metal- 
licity Z — 8x (black, solid lines) with those of the same 
metallicity by KIO (red, dashed tracks). The initial masses 
are slightly different, to compare models with the same core 
mass at the beginning of the AGB phase: our 4Mq and 
5Mq cases correspond, respectively, to masses 4.5M0 and 
5.5Mq in KIO. The differences in the HBB experienced can 
be clearly seen in the comparison of the temperatures at the 
base of the envelope (see right panel): models by KIO are 
~ 20MK cooler than ours. This is also related to the dif- 
ferent luminosity of the models (see right panel of Fig. [7]). 
Our models, evolving at larger luminosities, also suffer a 
larger mass loss, thus experience a smaller number of ther- 
mal pulses: we find a total of 35 and 37 TPs for M = 4:Mq 
and M = 5Mq, to be compared to 38 TPs experienced by 
the KIO 4.5M0 model, and 56 TPs in the 5.5M0 case. 

HBB also affects the oxygen yields, as can be seen in the 
right panel of Fig. [2] In the Z — 8x case we see that our 
models show some depletion of oxygen, by ^ .2 — 0.3dex, 
not found in the investigation bv lKarakasI (|2010| ). The most 
striking difference is however found in the low-Z case: while 
in the models presented here the ejecta are predicted to 



be extremely poor in oxygen, with a maximum depletion 
factor of the order of ~ 30, in the KIO study we obtain, 
independently of the mass, oxygen-enriched matter, with 
[0/Fe]> -1-0.4. To understand this difference we compared 
in details the most massive model in the KIO Z — 10~* 
set, i.e. M = 6Mq, with our Z = 3 x 10"** model of the 
same core mass, i.e. M = 5.5Mq. As in the previous com- 
parison at larger metallicities, we find the same difference of 
~ 20A'/is: (lOOMK in KIO, and 120MK in our case) between 
the maximum temperatures experienced at the bottom of 
the convective envelope. These different temperatures would 
explain the larger depletion of oxygen in our exploration, but 
not the large oxygen content in the KIO yields; this latter 
is due to the relevant contribution from TDU, partly due to 
the smaller metallicity of KIO models, and also to the much 
larger number of TPs experienced (the total number of TPs 
in KIO and our model are, respectively, 109 and 54). 

The differences outlined above have also a feedback on 
the amount of nitrogen that these stars produce. Upon dis- 
cussing the CNO yields, we stressed that the most efficient 
production of nitrogen takes place when TDU and HBB are 
both operating during the AGB evolution, because carbon 
transported outwards by TDU is later converted into nitro- 
gen. While in our case this overproduction of nitrogen is 
restricted to masses M ~ 2.5 — 3Af0 (more massive stars 
experience only a small number of thermal pulses, due to 
the strong HBB), in KIO this behavior is shared by practi- 
cally all masses, as can be understood from the position of 
the full triangles in the middle panel of Fig. [2] 



In the comparison with the work bv lSiesd (|2010D . we pre- 
liminary note that the difference in the masses involved are 
due to the difference in the treatment of the convective bor- 
ders during the main sequence phase of hydrogen burning. 
We assumed some overshoot from the border of the convec- 
tive core, whereas SIO models were calculated with no extra- 
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mixing: similar results are obtained for a mass ~ 1.5 — 2Mq 
larger in Siess' computations, as can be seen in Fig. (2] 

Other than the shift in the initial mass, the Z = 8x 10~^ 
models from the two compilations are fairly similar. In par- 
ticular, we note that the maximum temperature reached 
at the bottom of the envelope ranges between ~ 10**K to 
^ 1.2 X 10*K (comp are th e valu es in the 7th col. of Tab. [T] 
with those of col. 15 in ISiessll|2010l )'). This is the reason for the 
similarity in the CNO yields at this metallicity. At these tem- 
peratures HBB is sufficiently strong to destroy carbon, and 
to synthesize nitrogen; oxygen is only marginally touched. 

Turning to the low-met allicity regime, the Z = 3x 10~* 
yields presente d here are r ather different from those of 
Z = 10"'' by ISiesj l|2010l '). While in our case we find 
-0.5 <[0/Fe]< 0, in the SIO work it is -2 <[0/Fe]< -1. 
The reason for this difference is twofold. On one hand, we 
see by comparing the temperatures reached at the bottom 
of the envelope of our models with their counterparts in the 
SIO compilation that these latter experience a much stronger 
HBB, owing to the smaller metallicit y. Als o, in analogy with 
what found in Ventura & D'Antona ( 201lh . we stress the im- 
portance of the different treatment of mass loss: the Blocker 
prescription used he r e lead s to higher rates co mpared to th e 
IVassihadis fc Wood! (|l993h treatment used bv ISiesd (|2010l l: 
our models loose their envelope before a great reduction of 
the surface oxygen is achieved. This is also clear in the dif- 
ference in the number of TPs, which exceeds 2000 in SIO, 
while it barely reaches 50 in our SAGB models. A confir- 
mation of this comes from the results from computations of 
models of 6Mq and 7Mq where the free parameter entering 
the Blocker formula was reduced to r/R = 0.005, simulating 
a reduction of 75% of the mass loss rate: the correspond- 
ing oxygen yields, indicated with open squares in the right 
panel of Fig. [2] confirm that more oxygen-poor ejecta are 
produced when the mass loss rate is decreased. 

Among the various elements involved in p-capture nu- 
cleosynthesis, the evolution of the surface magnesium, and 
the amount of this element in the ejecta, is the most sensi- 
tive to the details of the modeling of the AGB phase. This 
can be seen in the right p anel of F i e. [H w here our yi e lds ar e 
compared with those by iKarakad l|2010l ) and ISiesd |20lO) . 
In analogy with the CNO elements, the yields correspond- 
ing to the Z = 8x 10~^ chemistry are similar, whereas those 
for the low metallicity models are extremely different. For 
M ^ 3.5Mq an increase in the magnesium conte nt of the 
ejecta is found both in our models and in those bv iKarakasI 
l|2010l ): these latter predict a larger enrichment in magne- 
sium, partly due to the smaller metallicity adopted. The 
magnesium yields of more massive stars are completely dif- 
ferent: while our models, experiencing strong HBB, show a 
reduction of the initial magnesium, up to -0.6 dex at ~ 5AIq, 
the KIO yields are magnesium-rich, confirming the differ- 
ence in the efficiency of the HBB experienced, and in the 
relative role played by HBB and TDU. Both our and KIO 
models are found to be Al-rich, as a consequence of the con- 
version of magnesium to aluminium via p-capture during the 
interpulse phase. 

In the SAGB dom ain, the differences with respect to the 
models bv lSiessI l|201 0l) reflect the situation already found in 
the analysis of the oxygen content of the eject a. Bec a use o f 
the smaller mass loss experienced, the yields bv lSiessI (|201G| ) 



are more Mg-poor, because there is more time available to 
destroy the surface magnesium via HBB. 



6 CONCLUSIONS 

We present and discuss new models of stars of intermedi- 
ate mass, evolved during the AGB phase, characterized by 
the occurrence of a series of Thermal Pulses. We also fo- 
cus on the SAGB evolution, experienced by models with 
mass 6Mq < M < 8Mq, that develop a core of oxygen 
and neon. These results complete previous explorations from 
our group, based on a single metallicity, Z — 10~^, and ex- 
tend to metallicities typical of low-Z Globular Clusters, i.e. 
Z = 3 X lO"'', and to a chemistry typical of substantially 
higher metallicity clusters, Z — 8 x 10~^ . 

In agreement with previous investigations, we find that 
massive models with M ^ 3Mq experience HBB, whereas in 
lower-mass structures the only mechanism active in chang- 
ing the surface chemistry is TDU. The ejecta of low-mass 
AGBs are enriched in the overall C+N+0 content, and also 
in magnesium, whereas the more massive models will reverse 
into the interstellar medium gas contaminated essentially by 
p-capture nucleosynthesis, with the depletion of the surface 
oxygen and magnesium, and the increase in the sodium and 
aluminium content. 

The extent of the HBB is found to be strongly sensitive 
to metallicity: low-Z, massive AGBs (with Z = 3 x lO"'', 
roughly corresponding to [Fe/H]= —2) reach very large tem- 
peratures at the bottom of the surface convective mantle, 
exceeding lOOMK. The corresponding yields show a small 
oxygen content, up to ~ 20 times lower than in the initial 
mixture, and a magnesium depletion of a factor ~ 5. Alu- 
minium is increased by a factor ~ 10 — 20, which is the high- 
est abundance achievable within the present schematization; 
this is because at very large temperatures the production 
and destruction channels compensate: at these T's, silicon 
synthesis is expected. The oxygen and sodium in the ejecta 
are correlated, because for T > 80MK oxygen depletion is 
accompanied by the destruction of the sodium previously ac- 
cumulated by the second dredge-up, and further increased 
in the early AGB phase, by proton-capture on '^^Ne nuclei. 

The Z = 8 X 10~^ massive AGB models experience 
only a modest HBB, thus the ejecta are expected to pro- 
duce much less contaminated ejecta: magnesium is hardly 
touched by the HBB nucleosynthesis, whereas the depletion 
of oxygen barely exceeds a factor ~ 2. 

In the low-mass regime, where the surface chemistry 
in unaffected by HBB, the results presented here are in 
good agreement with other investigations in the literature, 
although the extent of the carbon enrichment is sensitive 
to the details of the treatment of the convective borders. 
For more massive models, the results depend on the com- 
bined effects of the description of convection and on the mass 
loss treatment. While the enhancement of nitrogen and alu- 
minium appear as rather robust, the extent of magnesium 
and oxygen depletion are strongly model dependent, as the 
sodium content, which is also affected by the uncertainties 
in the relevant cross-sections. 

Two main resu l ts fou nd in the investigations by 
IVentura fc D'Antonal (1201 ll ) are confirmed here, indepen- 
dently of metallicity: 
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• The helium content of the ejecta increases with mass, 
reaching Y ~ 0.38 in the more massive models, in the SAGB 
regime. 

• The models showing the most extreme chemistry are 
those with mass M ~ 6Mq, at the edge between the AGB 
and SAGB regimes. This is due to the large mass loss expe- 
rienced by SAGBs, that loose their envelopes before a very 
advanced HBB nucleosynthesis is experienced. 
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